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Abstract
2/ t3/

This paper reports on an investigation of the
role and effect of azimuth and elevation measuring
capability of a single ground-based radar on the radar's
ability to estimate the trajectory of a vehicle in a
nominally 100 n. m. circular orbit about a non- rotating
spherical earth. The radars measuring range, azimuth,
elevation, and range-rate are considered.

This investigation is part of a broader study of

trajectory estimation errors.



Introduction

Tracking radars capable of measuring range, range-rate, azimuth,
and elevation of a space vehicle have been recommended for the Apollo
ground network. A study of the capability of such a network of radar sites
to estimate the trajectory of an earth-orbital vehicle entails analysis of
the separate and combined effects of a number of variables on the trajectory
estimating capability. The present paper is confined to the effects of angular

measurement errors as the prime variable.

The Model

The idealized model used in the present analysis embodies the follow-
ing assumptions:

a. The vehicle is in a thrust-free, drag-free Keplerian orbit in a
perfectly known central force field. (Gravitational coefficient =

2.259 x lO8 n.m. 3/min. 2)°

b. The earth is spherical (Radius = 3440 n. m.).
c. The earth is non- rotating*°
d. Line- of- sight tracking takes place at all times when the vehicle

. o . . ., .
is at an elevation of not less than 8 relative to the radar site, and it is

free of atmospheric effects. No tracking takes place at elevation of less

o
than 8 .

e. The radar site is located at sea level.

f. Radar measurement errors in each of the four components

measured (i.e., range, azimuth, elevation, range-rate) are normally
distributed random variables about a zero mean, and independent for each

measurement in each component.

This assumption makes the analysis independent of the relationship
of the orbital plane and the site location to the earth's equator.
Evaluation of its effect on the results in representative situations
has shown this effect to be small (not more than a few percent of
the magnitudes of the errors of estimation).
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g. Radar measurement errors have known constant variances,
independent of the magnitude of the quantity measures.

. - . . . >k

h. Location and orientation of the radar site is known perfectly .

Situations Considered: The Geometry

The present analysis considers only nominal trajectories that are
circular and 100 n. m. above the earth's surface. Figures 1 and 2 illustrate
the geometry of the situations studies.

Figure 1 is a sketch of a vertical section passing through the radar
site location. In this figure H stands for "horizon,' and LLE means 'lower
limit on elevation.'" Hence, the shaded portion which is bounded by the
LLE = 8° line represents the region where no tracking can take place. Un-
disturbed tracking takes place in the unshaded region above LLE = 8°.

Horizontal distances are generally expressed in terms of '"earth
central angle, ' (ECA). It is seen that at 100 n.m. altitude a vehicle theo-
retically must pass the radar site within a maximum distance of 7. 78° ECA
(467 n. m. measured along the surface) in order to be ''visible' to the radar.
Computations are carried out for nominal orbits passing the radar site at
0° EcA, 4° ECA, and 7° ECA, respectively, as indicated in Figure 1.

Figure 2 is a horizontal projection of the coverage area and the three
nominal trajectories, with the total tracking times indicated**. The vehicle
moves at a nominal orbital speed of 252. 61 n. m. /min., which is equivalent

to 4. 0910 ECA /min.

* It is exceptionally important to bear this particular factor in mind
whenever an attempt is made to apply the results of this work to
specific practical situations, where sizable bias errors may be
pPresent.

e

Tracking times rounded off to the nearest quarter minute are used,
for reasons of practical nature regarding the computer program used.
For our model, the true tracking times (computed using plane trigo-
nometry in a horizontal plane) would be:

Proximity of Pass Tracked Segment of Path Tracking Time
0° ECA 15. 572 ECA 3.81 min.
4° Eca 13.38° ECA 3. 27 min.
7° ECA 6.82° ECA 1.67 min.

1° ECA = 60 n.m. surface measure.

3
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The trajectory estimation errors in all cases are computed for that
epoch in the nominal trajectory which lies just beyond termination of
tracking. These epochs are indicated by markers in Figure 2.

The following table lists the tracking times and epochs of estimation

(measured from commencement of tracking), used in the present study:

Proximity of Pass Tracking Time Epoch of Estimation
00 ECA 3-3/4 min. 3-7/8 min.
40 ECA 3-1/4 min. 3-3/8 min.
7  ECA 1-3/4 min. 1-7/8 min.

In those situations where a priori trajectory information from another
source (in addition to the tracking data from the radar site under consid-
eration) is introduced into the computation of the trajectory estimate, this
a priori information is given in terms of that epoch of the nominal trajec-
tory 1/8 min. following commencement of tracking. These epochs are

also indicated by markers in Figure 2.

Situations Considered: The Radar

The basic radar considered in the computations has expected meas-

urement errors in range and range-rate :

= 10 ft.
R

g, = .5 ft. /sec.,

R /

and is capable of making statistically independent measurements of range,
range-rate, azimuth, and elevation at the rate of 10 measurements per

second. (The measurement errors in each of the 4 components measured

at any one epoch are also independent of one another.)

All errors (errors of estimation as well as errors of measurement)
in this study are specified as the standard deviation of a normally
distributed random variable with a zero mean.




The standard deviation of the measurement errors in elevation is of
the same magnitude as that in azimuth. This quantity, Ty is the prime
input variable in the present analysis. For the basic values of range and

range-rate errors, Ty is varied over the range of . 005 to 5 milliradians

st

-~

in steps of one-half order of magnitude .

Through a simple scaling procedure, it is possible to scale the com-
puted estimation errors for the above family of radar characteristics to
any number of related families, differing from the basic one by a common
factor in all the error terms. For example, multiplication of the computed
estimation error terms for the above family of radars by 10, yields us the

corresponding estimation error terms for the following related family of

radars:
= 100 ft.
°R
og. = 5 ft, /sec.
O'A = ,05 to 50 milliradians.

Or, through multiplication of all error terms by 1/10, we obtain the com-

puted estimation errors for:

= 1 ft.
R
O'R = .05 ft. /sec.
O'A = , 0005 to .5 milliradians.

The justification for the above procedure lies in the fact that when
deviations from the nominal orbit are: small compared-to the orbital’
velocity and radius., the equations of motion may be reduced, for the pur-
pose of computing partial derivations, to a.set of linear equations. This
means that the relationship between the measurement and estimation errors
is effectively a linear one for small deviations. This has been found to be
valid for estimation errors as large as 30,000 ft. in position and 200 ft, /sec.
in velocity, The design of the computer program used in the computations

is based on this linearity principle.

*

I.e., 0A= .005, .016, .05, .16, etc.
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There exists also an equally simple procedure to scale these compu-
tations to radars whose sampling rate differs from the 10 measurements
per second rate chosen for the basic radar. This is due to the fact that,
for sufficiently high sampling rates, the quantities measured by the radar
do not change appreciably during the interval between successive sampling
epochs and can be '"smoothed'' over a number of sampling intervals. Varying
the radar's expected measurement errors in all components in direct pro-

portion to the square root of the sampling rate leaves the trajectory estima-
3} skl

tion errors unchanged ’ . Thus the estimation error computations for a
radar with measurement errors as given in Column A below, at 10 meas-
urements per second, are equally valid for a radar having the characteristics

ek

given in Column B, operating at 1 measurement per second

A - 10 meas. /sec. B - 1 meas. /sec.
= 100 ft. = 30 ft.
O'R O'R t
Op = 5 ft. /sec, GR = 1.6 ft. /sec.
o = .,05to 50 millirad. o, =,016 to 16 millirad.
A A
= 10 ft. = 3 ft.
o= O'R
. = . . =.16 ft. /sec,
ch .5 ft. /sec O'R /
O'A = ., 005 to 5 millirad. 0‘A =.0016 to 1.6 millirad.
=1 ft. o =.,3 ft.
R R
oRz .05 ft. /sec. 0R= .016 ft. /sec.
UA = ., 0005 to .5 millirad. UA = .00016 to .16 millirad.

The variance of an estimate is inversely proportional to the
number of measurements taken.

ate sl
3838

By virtue of both of the above considerations, if the sampling
rate is varied but the measurement errors remain statistically
constant, the standard deviations of the estimate will vary in-
versely as the square root of the sampling rate (provided, of
course, that the estimate is based entirely on the tracking data
from the radar site, and no 'outside' sources of information are
utilized).

ale abs ols
skskesik

One should not be oblivious to the fact that several of the ranges of
values shown in this table reach considerably out of the realm of the
practically meaningful, and are of entirely academic interest.

8




Situations Considered: A Priori Information

In addition to ''pure'’ single-radar situations P, as described above,
some situations with "a priori" information are also considered; that is,
situations are studied where the trajectory of the vehicle with a specified
amount of uncertainty, or error, is known independently of the radar
measurements,

In the work covered by this paper, a restricted type of a priori infor-
mation has been considered. It assumes that the trajectory is known
equally well in all directions of position and velocity at the "epoch of ref-
erence for a priori estimate' (see Fig. 2) which is the commencement of
tracking. The ratio of position uncertainty to velocity uncertainty is 1/10
minute or 6 seconds in all cases.

The graphical expositions in this paper contain data on a priori un-
certainties of the following magnitudes:

a. 250 ft. and 40 ft/sec in all directions,

b. 25 ft. and 4 ft/sec in all directions.

The General Nature of Estimation Errors

For the idealized model of analysis as described earlier, the expected
error of estimation of a trajectory, is completely described by a symmetrical
6x6 covariance matrix, at any specified time, in the six-dimensional space
of position and velocity deviations. The same information can, in general,
be equally well represented by either the 6X6 covariance matrix or by its
inverse matrix, called the 'information matrix. w The information matrix,

although in many respects the more basic concept of the two, lacks the

"meaningfulness, ! in a human sense, that the covariance matrix possesses.

sk

See subsequent sections entitled, ""Measurements to Estimates'' and
"Results: Discussion,!" for qualifying remarks regarding the neces-
sity of some a priori knowledge also in these so-called '"pure'' single-
radar situations.

als
sikle

There are situations where no 6X6 covariance matrix exists, even
though the 6x6 information does exist. This occurs when the infor-
mation matrix is singular. The singular information matrix does,
nevertheless, contain valid information about the trajectory estima-
tion uncertainties.

9
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The covariance matrix describes the size, shape, and orientation of
the six-dimensional error ellipsoid in the six-dimensional space of position
and velocity deviations. The upper left-hand and the lower right-hand 3x3
submatrices of the total covariance matrix describe the three-dimensional
position and the velocity error ellipsoids, respectively.

Furthermore, each of the six diagonal terms of the covariance
matrix is the variance (standard deviation squared) along the corresponding
axis in the chosen coordinate system., The off-diagonal (covariance) terms
indicate the amount of correlation between the errors in any two components.

Whereas the terms of the covariance and information matrices are a
function of the coordinate system and the orientation of the axes, there are
certain quantities characteristic of each matrix which are independent of

the coordinate system and orientation . These are:

skl ok sk
t, T - The trace of the 3X3 position-covariance, or
P P position-information, submatrix.
tv, TV - The trace of the 3x3 velocity-covariance, or
velocity-information, submatrix,
d, D - The determinant of the 3x3 position-covariance,
p P or position-information, submatrix.
d , D - The determinant of the 3x3 velocity-covariance,
v v

or velocity-information, submatrix,

Here we refer to the 3-dimensional coordinate systems of position
deviations and of velocity deviations, and are assuming that the
type and orientation of these two coordinate systems are always
chosen identical.

*
3

The lower-case letter refers here to the covariance matrix and
the upper-case letter to the information matrix.

e als ale
SRSEE

The trace of a symmetrical gXq matrix is the sum of the g
diagonal terms.

11
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d, D -  The determinant of the total 6x6 matrix ’

Trajectory estimation errors, assumed to be normally distributed
random variables with zero mean, may be thought of in terms of "error
ellipsoids.'" By an "error ellipsoid" we mean a surface of constant
probability density, which for normally distributed random errors is an

ellipsoid. For random variable (error vector) of q degrees of freedom,

Certain simple relationships exist between the determinants and
sub-determinants of the 6x6 information and covariance matrices:

d =D /D
P v
d =D /D
v p
d =1/D

Also, the following inequalities exist:

(T /3)® >D, (T /3)® >D, (t /3 >d, (t /3)®>d ;
p — ' p v - Vv P - P v -V

DD >D,dd >d.
Pp v— pv~—

To this list may be added the eigenvalues of both 6xX6 matrices and
the 3x3 position and velocity covariance and information submatrices
The eigenvalues, however, have not been utilized in the presently
reported work, as the relative difficulty of computing them (i.e., in
terms of computer time) seems to outweigh their usefulness.

12




there exists a family of concentric and geometrically similar error

ellipsoids in a g-dimensional error space, and it is described by its

gXq covariance matrix. The matrix equation of this family of surfaces
*

is :

-1

i=1,2, ..., q (rows)

i=1l,2, ..., 9 (columns)

In the present case, we are dealing with error vectors of six degrees
of freedom, and could, in principle, talk in terms of a six-dimensional
error ellipsoid of hybrid (ft. and ft/sec.) dimensions. However, aside
from a brief qualitative statement in a later section, no use is made of

that concept. Instead, consider the three-dimensional error ellipsoids

\,
o«

{ x, } is a 1Xq row matrix of the q components of the random
variable; {x } is {x } transposed, i.e., the qXI column matrix of
the q components of the random variable; {u } is the inverse of
the qxq covariance matrix; ¢ is a pa.rameter which specifies a
particular ellipsoid in the family of concentric ellipsoids.

Reference: Harold Cramér, Mathematical Methods of Statistics,

Princeton Univ. Press, 1946, p. 120, eq. 11.12. 3.

13
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defined by the 3x3 covariance submatrix of position (having dimensions in

feet) and the corresponding similarly obtained three-dimensional velocity

ellipsoids (having dimensions in feet/second)'ﬁ:

[ 2

X

[xy z] Koy

I'sz

(%% 2] |u,

uyx

- -1
xX
uZX
- 2
uzy y = g
2
eZ_ z
—1
Hox x
- 2
P‘-zs, y = ¢
€.’ z
zZ

The probability P that an error vector of q degrees of freedom lies

outside the g-dimensional ellipsoid specified by a particular value of ¢Z

is obtainable from tables of "Chi-square" distribution for q degrees of

freedom, with ¢& =

ek

contains the error vector is 1 - P.

The probability that a given error ellipsoid

Note that {u

is the inverse of the 3x3

position covariance submatrix, which is not the same as the

corresponding 3X3 submatrix of the 6x6 inverse covariance

(information) matrix.
!

submatrix.

ek

Likewise for the 3X3 velocity covariance

T. W. Anderson, Introduction to Multivariate Statistical Analysis,
John Wiley and Sons, 1958, p. 54,

14
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In the three-dimensional error ellipsoids (q = 3), a choice of ¢ =1
corresponds to an ellipsoid possessing a 20% probability that the error
is contained within its bounds. .

Figure A-0 contains a curve, derived from a '"Chi-Square' distribu-
tion table**, showing the probability that error is contained within the
three-dimensional error ellipsoid, as a function of ¢. This means that
scaling every dimension of an (¢ = 1)-ellipsoid by, say, ¢ = 2, results in
an ellipsoid possessing 73% probability of containing the error vector.

All the computations in this study are presented in terms of ¢ = 1,
and Fig. A-0 is enclosed as a scaling aid..

Four quantities are chosen as measures of the "size' of the uncer-
tainty, or error, associated with a trajectory estimate at a given epoch
of estimation. They are defined in terms of the traces and determinants
of the position and velocity covariance submatrices (tp, dp, tv, dv)’ and
are interpreted both in terms of the geometry of the appropriate 3x3 error

ellipsoids and of their significance as measures of estimation uncertainty:

sk

I.e., there is a 20% probability that the position error is contained
within the position error ellipsoid, and there is a 20% probability
that the velocity error lies within the velocity error ellipsoid, but
no information is conveyed as to the probability of both conditions
being satisfied. The missing information is associated with the
position-velocity covariance terms of the 6X6 covariance matrix
which are absent from equations (2) and (3).

o Paul G. Hoel, Introduction to Mathematical Statistics, 2nd Ed.,
John Wiley and Sons, 1954, Table III, p. 318.

15




Definition

Symbol in Terms of | Units Interpretation in Terms | Significance
of Error Covariance of of Error Ellipsoid as Measure
Measure Matrix Measure of a Chosen "¢" of Uncertainty
1 ms radius of the Rms of the stand-
€ Nt /3 ft. —EX osition error ard deviation of
P p llipsoid position errors over
the 3 spatial
components.
[Radius of a sphere| Geometric mean of
1/6 1 whose volume is the standard devia-
n d ft. — X |lequal to that of the tion of position er-
p P ¢ position error rors over the 3 spa-
lellipsoid _ tial components.
1 Rms radius of thd Rms of the stand-
€, r\/_t_v'rjr ft. /sec. -EX velocity error ard deviation of
ellipsoid a velocity errors over
the 3 spatial
components.
Radius of sphere Geometric mean of
1/6 1 whose volume is the standard devia-
n, dv ft. /sec. ——g——x equal to that of the tion of velocity er-

velocity error
ellipsoid

rors over the 3 spa-
tial components,

d >
Note that €p-—2' np and e 2 n,

tive measures to use,.

For this reason the ¢'s are the more conserva-

Furthermore, the velocity estimation errors are relatively less dependent

Ao als

on the particular epoch of estimation selected and hence are usually a better

measure of the overall quality of a trajectory estimate.

For this reason the

rms velocity error, €, will be the one generally used measure in this report.

"Root-mean-square''.

ale als
SR

Over a small fraction of an orbit; not necessarily true for more
extended translations along the nominal orbit.
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The computations performed as part of this analysis were performed
with the aid of a ''general purpose' digital trajectory error analysis program
for the IBM 7090, called PATEI .

This program sees the true trajectory of a vehicle as the six-
dimensional vector sum of a nominal Keplerian trajectory (in practice,
usually equivalent to the estimated path), and a random position and velocity
error vector, which is a random process with zero mean and a computable
inverse covariance matrix.

In calculating the inverse covariance matrix of the six-dimensional
error vector for a given epoch, a matrix of linearized partial derivatives
of the non-linear equations of motion is used. This linearized procedure
is valid if the error vector is small compared to the velocity and dimensions
of the orbit, but decreases in validity if very large estimation errors are
to be computed. It has been found, however, that the range of validity far
exceeds the range of practical interest for the cases studied. (Deviations
as large as 30,000 ft. and 200 ft. /sec. have been found to introduce no
observable discrepancy as a result of the linear approximation, in the near-
earth case.)

The inverse covariance matrix is a function of the nominal trajectory
and of the information contributions from each radar measurement and all

other sources of trajectory knowledge, if any.

Measurements to Estimates

This analysis does not include consideration of problems of data as-
sembly, transmission, and processing. In any practical situation, these
are undoubtedly an important factor. This analysis assumes perfect com-
munications with no information loss. This implies, of course, that any
deviation from these conditions will result in poorer estimates than those

indicated by the results obtained. This analysis probes the question, how

ote

-~

"Program for the Analysis of Trajectory Estimation, No. 1,"
p?epared by Charles W. Adams Associates, Inc., Bedford, Mass.,
under Lincoln Laboratory's joint service general research contract,
in cooperation with Dr. Fred C. Schweppe of Lincoln Laboratory.

17




good an estimate is it possible to obtain with all available information?
Some insight will be gained also regarding the question, of which informa-
tion is more important and which is less important in trajectory estimation
in a given situation? The latter considerations are of importance, not only
in evaluating and specifying radar characteristics, but also in planning or
evaluating the data transmission and processing aspects of a ground network
as well.

The manner in which the total information - derived from radar
measurements and a priori knowledge - is considered to be assembled and
transformed into an estimate in the presently reported work is briefly as
follows.

Each independent measurement or combination of measurements
provides information about the trajectory, the '"goodness' of which is
describable by an information matrix. In terms of that time at which the
radar takes the measurement (in one or several components of position
or rate of movement), this information matrix is the information matrix
of the measurement itself. For a radar making mutually independent
measurements in range, azimuth angle, elevation angle, and range-rate,
the information matrix of the measurements made at any one instant of

b3

time is as follows :

1/ch2 0 0 0 0 0
0 l/crAz R? 0 0 0 0
0 0 1/aAZ R? 0 0 0
0 0 0 1/01.)\2 0 0
0 0 0 0 0 0
0 0 0 0 0 0

b3

The angular variances have been multiplied here by the square
of the range (best available estimate of the range), in order to
convert them to position variance components.

18




It is only a matter of computation to transform this information
matrix to conform with any other coordinate system desired.

Since some knowledge of the trajectory is always implicity assumed
to be available (as otherwise no acquisition nor tracking of the vehicle
would be possible), one can (at least approximately*) propagate the infor-
mation of each successive measurement (as per its information matrix)
to some chosen reference point in the orbit, where the contributions of
each measurement (and of any additional sources of information, if any)
are added together, by addition of information matrices**. In practical
situations, a great variety of diverse schemes of processing tracking data
are possible. The estimation errors, as computed herein, are merely
reflections of the total information, which, in the absence of information
losses, is conserved regardless of the particular data processing scheme
used.

An exposition and discussion of the results of this investigation

follows.

Results: The Computations

Graphs showing the computed estimation errors for the '"basic radar, "

oo ale sl

""basic radar times 10, ' and ""basic radar times 1/10, Th operating at
10 measurements per second, appear in Figures A-1 through A-12 in the

Appendix. These graphs are in the form of Ep’ np, €, OF n, respectively,

VS. 0,. No a priori information has been introduced into the situations

covered by Figures A-1 through A-12,

The discrepancy introduced here is ordinarily expected to be of
secondary significance, and is ignored in the present analysis.

ale aly
btd

This additive property of the inverse covariance matrix is the reason
why it is called the information matrix. If it is desired to consider
losses of information (e. g., due to limitations of transmission facili-
ties, or "editing' of the information data, or possibly other reasons),
these considerations could be introduced as matrices to be added or
subtracted from the information matrix.

A ate ot

LS

See table on page 8 for the radar characteristics, and the section
entitled, '"Situations Considered: The Radar, " (pp 6-8) for a dis-
cussion of their meaning, and of procedures for making the data
applicable to other situations.

19



Figures A-13 through A-18 show the components of the estimation
errors (''basic radar') in a vehicle-centered rectangular coordinate
system*., In this coordinate system, the X-axis lies along the direction
of motion, the Y-axis is normal to the trajectory and parallel to the orbital
plane, and the Z-axis is normal to the orbital plane,.

Figures A-19 and A-20 show the effect of a priori information on ¢
and €, respectively. Representative situations with spherical a priori
estimation error volumes are shown to illustrate the conclusions drawn
(in subsequent paragraphs). .

Figures A-21 and A-22 illustrate the effect on the trajectory estima-
tion uncertainties of improving range-rate measurement accuracy of the
radar, relative to its range measurement accuracy. Only velocity estimation
errors are presented. These are expressed as a percentage of the estima-
tion error in the absence of a range-rate measuring capability (O'R/O'R = 0).
The results given are for a nominal trajectory passing the radar at 4 degrees
ECA. Note that the value of the ratio GR/UR that has been adopted for the
bulk of the work in this analysis is 20 seconds, which is very near the

""break' point in the curves of Figures A-21 and A-22.

Results: Discussion

Inspection of the ep and €, curves in Figures A-1 through A-10 sug-
gests the relative lack of dependency of ep and €, on range and range-rate
measurement accuracy, for the ranges of values considered. For a near-
earth orbital vehicle tracked by a single radar site having any reasonable

range measuring capability, the angle measuring capability is the deter-

mining factor in the radar's trajectory estimating capability . This state-

ment is not true for a radar lacking both range and range-rate capability,
and it may not be true for a radar having only range-rate capability in
addition to the angle-capability, but for radars falling within the range of

values:

They contain no information about the amount of correlation
between the various components, however.

ek

Measured in terms of ¢ and ¢ .
P v
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<1 ft. i11i i
0 < aR/UA 000 ft. /milliradian

0 < O'R/O'R < 30 seconds ,

the estimation errors are only feebly dependent on O’R and 0. . Under these

conditions, the relationship is effectively:

ep Kl O-A

e, =Ky 05

(The relationships of np and n, to O’A are somewhat different, but they are
of lesser interest and are not considered here.)
To explain these phenomena, consider the critical region in the

Y (in

o_/o: ratio, ice., UR/O'R ~ 10to 100 seconds (See figure A-21) If O'R

R R

ft. /sec. ) is larger than about O’R/30 (with O'R in ft.), the errors of estima-

tion are only insignificantly smaller than if no range-rate capability existed

at all (0'R = w). { See figures A-21 and A-22). The conclusion that can be

drawn is that for all the situations considered, where O'R/O'R was selected
at 20 seconds, the results are equivalent, virtually without alteration, for
radars measuring range, azimuth and elevation only. The effects of the
angle measuring capability will be considered in the context of a range-and-
angles-only radar.

The tracked segment of the orbit can be considered to be effectively
a segment of a straight line, and hence the tracking beam will at all times
lie in the plane defined by the trajectory and the site location. That com-
ponent of each measurement error ellipsoid which is normal to this plane
will consistently be independent of oR. It is determined solely by the azimuth
and elevation measurement errors. Consequently, whenever RANGE X O'A

( in radians) is substantially larger than TR’ this component of error will

predominate also in the final estimation error ellipsoid. Since the effective

21



ra.ngeaz for the situations considered is on the order of 1 to 3 million feet,
we expect the rms estimation errors to be effectively a function of angle
accuracy only whenever OR/(IA « EFFECTIVE RANGE o 106, or «
(EFFECTIVE RANGE/1000). if we express O'A in milliradians, This
checks with the observation. Also, the above bound effectively contains
most situations of practical interest.

Figures A-23 and A-24 show the essentially limiting situations with

~

""perfect' (i.e., O'R/O'A = 0) range accuracy {and thus, of course, ef-
fectively devoid of significant range-rate information, as per above dis-
cussions regarding O'R/O'R < 30). These curves were drawn as the lower
asymptotes to the €p and €, curves in Figures A-1 through A-10. The
significance lies in the fact that they represent the lower limits on the
size of rms estimation errors that can be obtained by a single radar site.
They show that this lower limit is dependent on UA only, and no improve-
ment in the range or range-rate capability can lower the size of the error
past these limits. If it is not possible to improve T 5 outside sources of
information have to be enlisted in order to further improve the estimates.
In order to be effective, they must provide information specifically about
those components which the radar site is least capable of measuring,

i.e., they must provide improved measurements of the vehicles position

in the component normal to the plane containing its path and the radar site.

One means to obtain this needed additional information is to have an

additional site located so that the plane it defines with the trajectory is as

ole ste
2% 3

nearly perpendicular as possible to that of the first site .

b3

Computable over the tracking interval by the expression (
where M = number of measurements, and Ri is the i
range at the time of the i-th measurement.

sk

Both sites should be located near to one another, (not more than
about 1/8 of an orbit apart). The combined capability of two
(or several) sites further removed from one another can be ex-
pected to involve other considerations.
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Another means is a priori information about the trajectory from
other sources. As was mentioned in the section entitled, '""Measurements
to Estimates, ! some a priori knowledge is always implicitly assumed

even in those situations labeled '"No a priori information' because it is

essential in order for tracking to take place and for the formation of an
estimate to be started. However, in order for a priori information to
quantitatively influence the quality of a trajectory estimate provided by
a radar site, it is required to be comparable or better than the accumu-
lated information provided by the radar, in at least one of the components
measured. In other words, the six-dimensional error ellipsoid of the

a priori estimate (propagated to the epoch of estimation of the trajectory
by the radar, or vice versa) must either intersect or be contained within
the error ellipsoid of the estimate that would be provided by the radar
alone, in order to make a significant contribution to the trajectory
estimate.

Some computations with a priori information were performed in
this phase of the study, but the a priori estimation error ellipsoids were
chosen spherical in both position and velocity. Representative cases are
shown in Figures A-19 and A-20.

In situations where the a priori estimation errors are equal to the
radar-only estimation errors, the combined estimation error is expected
to be about 70% of the a priori error. The reason is that basically a

1 + 1
T2 -2
g, o,

type of information addition takes place. Actually, as was pointed out, it is
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two six-by-six information (inverse covariance) matrices that are added
together, but the principle is analogous. This explains also why a priori
information that is poorer than the information provided by the tracking
data will fail to substantially influence the size of the final estimation

€Errors.

Subject Areas for Further Study

An analytical study such as the one undertaken involves effort in any
or all of the following three basic categories:

1. Actual or practical situations

2. Theory and hypothetical situations

3. Methods and tools of analysis.

A theoretically oriented study of judiciously chosen situations, making use
of existing and available methods and tools, is more likely to produce
meaningful and usable results than emphasis on the evaluation of situations
of immediate practical concern. Future extensions of the present analysis
will encompass at least some of the following topics:

a. More work in the study of single-site radar parameters,
particularly the interplay between position-measurement and rate-of-
motion- measurement information.

b. Two- site situations, where both sites are located in the same
general position of the orbit.

c. Longer-distance propagation of estimation errors, and orbits
which involve sites significantly removed from one another.

d. Consideration of bias errors in measurements.

e. Extensions to other than near-earth, near-circular trajectories.

24




0-V 2an81g

3, LN310144300 ONITVOS
9 S 14 € 2 i 0

T T IS B T
+ T 1 T ; T T T T : T T |
NN AT T T LA R .
e o 0 AL N R N
T I , R T LA R f
+ LU o M St SRS B T T T =t )| T
N
] (udex8 s1yy yo uorssnosip 103 g1 25ed 22¢) - u _
: + t : T T i }
T T : i B ; i 44"\.,.~ ﬁ T :
7 I | i 1 L | . I N |
™ T i _ T ] Tt I R - HH ;
It : : ] ] 1 | i | i 1 [ T i L LI 1 T
i T T N 190 N I ! I
T T T : I I i !
' T ’ T T : T T
+ " T ' T | f B i
t “ ! : T i I [

T T t ,H ! L ! ON
+ - 1 ! ; ! [ ; i A ! R
t T H ] i T ¥ 4 : | S

1 _ _ A I L 0  smmni I

, e i : : — 1 T T T R
1. 1 IR ) IR M I T T T T T L 1 4 MR T T

T T ! T ! i [ R MR A R Y i | I il L]
1 - ~d4 A~ : T T 11 R : HE o ,_,._ ,i,” 7 4 R R iy
; i : .y : i T i

T - R i pa L _41’* :
T T + i - : - s b
= , , i T i e : PIRY SNNEE S
7 i : 1 i il M L1 i i I R RS RRRR| |

i T : [ i N T 1 7 T 1 i
T T t T T 7 hal — i T
- t _ i - T T T
— T t - . T . ,’\lﬁlvll‘ti i I IR

J 1 M S RSNV S s - —_— i ;

-r ~ + T 11 T : b 0
I r = ————— = e e b

N} S R T i ; T T r [ A i [ T Y AN : —
et 11 = : T 0 ORI I f AR ;

- t ; + t + i g T 1

T " I : i T ¥y : I

- — i ~ ™ y S T
T ; : R ; 1 L il :
T LT T ; : ! i
“4 «» * P_ v ] ek I‘H I _I\].',‘A” n, ‘_
t | i I L I B Il T
: + i : 1 3 1 T
. : , T R
! - ; T I L } EEN S N ,_ ,,W\A
= T 1 - : ) T — ; - i T T = f
T ] ! f ! 1T : ] : Iy S L . [} ]

] T e _ I : y AmE T NEIR N N S SO B Tt
™ t T 7 i I ERRE | 1 ! RN A ; iy , [
t T i T - «A . T T T _14, s SEEEN T 1T i
4 + + + I — T — t T t T

1T i ! T LI 0 L i : o A B H 109

T 7 - T . " = T
T T T 1T T 711 R BT T T Ll | e 4 R T
1 T T 17 DT Iy AT 1T
T = i ; i T , [ M A0 T
T 1 T 1 IR SR RN I SRR I
T 11 . i . !
f ; i , : Ik ey Al 17 ;

e T —r - NN NN AR - _

i T i A t — — i i1

1 il L [ y 4 - | !

. 11 ; i !

]

{ ] r

T . [ H : ¥ i H
T " ™ T 7 -

BREEEN R T - T y 4 :
T T 1T f i y A ¢
T T T H ! Y 4 T
. N H I H v 4 :
N et T y 4 Ow
Tt . 7 !
T Ll y A :
: ] f : 1 il y A
R A o ! : y 4 T
: . p A
I T T N
]
od H L H H y 4
v + i r T
IS Tt I A  a -
T T I , o —f R S —
i T e : 4
o o AMREVER! 4 . t
¢ T —1 T - ' 7 i : !
ehll-dv-¢| - —— Z : .
. Tt — . - d
T T3 N . }
ENSNE RN EREEN : S gt B P —— - )
H——— g : : 00i

(4usdsad) Q10SdITT3 HONNY3 TVNOISNIWIA

-334HL NIHLIM G3NIVANOD Sl ¥Oyd3 1VHL Al1119v80dd




1-V 2andig
NOILVIWYOINI /&0 /&S 1 ON
ONOJ3S/SIN3W3YNSVIWN O HVGvY

(Vo) (poiw) HOYY3 INIWIMNSYIW IIONV
|

T
[

R

— 2985/1} GO0

KX

== %98/1) G0
, o]

[E333 FENEs R R BEn B

?__-2-:

1<

Ol

000!

(92) () HOY¥MI NOILVINILS3 NOILISOd SWY




7-V 2angijg

NOILVWHOSNI /&0 /44 ¥ ON
GNOJ3S/SLNIWIHNSVYIN Ol Hvavy

(Yo) (PDiw) HOMNI LNIWINNSVYIW ITONV

00! ! 10°0
03 " I T T T T ! !
: B 10 R T T T i T
- 4 R it LN
. ; it ; t ]
- o ; i
I 1 000t i T ]
L) i : - t T
N ] T 2 T T -
: T T 1
— T t T
108 T o o4 [ TT + o T
T T AT 188 Ll .
= itisliintat i2e2 ST 998/43 GO0
== S =
T o ol T -
e S SissRsasss ]
EESsc=rs ELpE SEESEsSES =
1 _, T it T
. i e res I
- 09s/1) G0 = Yo mE :
= < : EEaS =3
D 3 i =
= B = W.u ==
T T
: - i ,
; . I T
1 H t
: 3 1 : it
i 4] : : e _ Smen
: _ ; SRR el =15
52 : s ; e
- HE = ¥ g
I ¥ =]
I
T
Il
1
L +
o

[ozi-ave| -

e

00

000!

(FL) (99s/1)) HOMYI NOILYWILSI NOILISOd NVIW DI¥L3N03D




€ -V sanfig

NOI LVINHO4ANI /&0 /&d 7 ON
ONODJ3S/SIN3WIUNSYINW O dvavyd

(Yo) (poiw) HOYH3 INIW3IHNSYIW ITONV
|

10°0

e 095/1)600= %o

o

298/44 G =
4001

TR

lizn-dvg] = -

4
i

(M2) (095 / 43) HOUY3 NOILVWILS3 ALID0T3A SWY




p-V aandrg

NOILVWYOINI /&0 /&d I ON
ONOJ3S/SLIN3W3YNSVIN OI ¥vavy
(o) (posw) YOuHI INIWINNSVIW IFIONV
001 0! I ) "0 1070

E; TTTETT] _ﬁ. PrrEv— "I 1 E_. I i _OO

] T
N 1 ;
i
i & = :
hi gt 7 I i ; !
: :
L 2= i
EEpm it Rt HH i 1 5 T 52 i
B gt S== HEEH T R T = £t
fE A i i e mnag Vil EEE=E sEaEEEEEE e
B maf i %8s/ G0 = Yo i SEREEE ; : i
, : y
HOl="o = i :
H S e R 2g2a £ =S
= £ == SSEEESERES BE= SiSEEBRE
it i fiit ] ! iiiinan i i i 1'0
il il i _
i it nin . ; il
_”: i [ i v + _»:,
LL ] 1 T
_.,,n,;_ - ! 7 T 1 i
—M_. w T H L
i i i j
;i ighend it i
il it peifmas: i ;
: UOW\*W m == H B3T3 X F=r= e = S== S ismas .Mﬂm”wm
25 = £ = B ==
: ESEHES 3 n_ PESEESEES ==
4 00! eemee. . guitii i g o =
= = & r—t— 222 ‘-M.D rI1
: $ = P e o
: 2 , HIEE EREERS S
Wil il
! I i Tl
il i
o i
! i 1 I
1 } »
“ -
i
!
£5E =352 Bl Smmi
EEES VO3 o0 SSVd QV3HY3IANC =—=Fr——=]
T = T it SESsESSS
i o 1 i !
A, T 1
_NN:AE-m_ : i iESeEEeEs i : RERRSEEEE
: ESES =, iaiasizcemesoo oo

(M) (99s/44) HOMNI NOILVWILSI ALIDOT3IA NV3IW D1413W039




G-V san8rq
NOILVNHOAN! /&0 /4d  ON
AUNOD3S/SINIWIHNSYIN Ol ™Hvavy

(Vo) (poiw) ¥OMNI INIWIHNSVIW JTONV
001 ol | 1'0 10°0

T et — __ " m .
! 1l i Tt _
i 1
) h
H T
] T ; T ; i T
i H i i it
- g iy
. T i) it b T it B ol H
W_ i | i it i
i d i e _ : ; = i s
= : iy gi sz SSE5 e S5 S e o
5 5 = i = Ere e ey Eiftee EeEo—
ESSt & fe ST A = 853 35! = S 5 e S e SESE —
T i D “ : T i e “ i
p“ ¥ “ T p .N b3 e 1 : 3
= At 2 »muum gaecas SSEE== i .mm e rH % = ity e ==
=55 = . £ ERERit EEECoan
- T 995/44 GO0 = Yo . et e !
JTHH i !
il | -} 4f i I
: | , ¥ = Yo i i
i amil i 1 _
,_“ i it di q
3 I T 1" it i
i : H
1) “ ‘‘‘‘‘‘ t] “ -3
it it iiisiata : t :
Enis : i =
i 35 T H 2522 54 e 1 =t =
g ==t H SSEaSE== E8 =SS H 2358 ERES S22 EE=E
= M S Z==! mH E == S et et
i i = f : !
t i = T t ! B i
: : T st ; T it =]
== . == i i = B e
e s soEg RN
il 98s/44 GO = %ol i s i ] T T 00!
| HIA
-] 1] it
C:O_ = "0 , _ i __. ik il
h i j _ i t
} T T f” .A _
, 1B j
1 (s SRR
S it e & at =
8¥1 48 a1k T 1 1 i r gL 3
5 i i ; = ; ok Hith S5, L.l
29s/4) G = Yp B e fassitass e EneSroiemreesemeaa
y = = HERHEEEESEECEaSs S e e e
4 OO_ = O == s i T 1
it it &t == S A
211-dv-¢ | : : g
I3 Is=cARES = e s ir e oom—= T ——r= = —
SR SES=SE 2558 FEEES SESSS T e A 0001

(93) (1) ¥O¥Y3I NOILVWILSI NOILISOd SWY




9-v 2an8ig

NOI1LVWHOSNI /&0 /4 ¥ ON
GNOOJ3S/SIN3IW3YNSVY3IW O1 ¥YAvH

(Vo) (posw) HOMMI LNIW3IMNSVIW 319NV
|

it

93s/4 GO0

W

i

HH

(1331 Hiv] AgaE

S/ G0

Ol

130

Lball-dv-¢ |

i3
iR It

000!

(L) (13) HONH3 NOILVWILSI NOILISOd NV3W DI1¥LIWO039




L~V 2andig

NOILVWYHO4N! /&0 /44 ¥ ON
GNOOJ3S/SLN3W3IYNSV3IW O! AHvavy

(Vo) (poiw) ¥OMMI INIWIMNSVIN ITONV
001 o] 1 1°0 10°0

100

o

= 095/14 G0
‘ 1 0l

i

i

T
1

.

15|

o8S/H G

R e

_ §211-dv-£ _

("3) (995 /14) HOMHI NOILVWILSI ALID01IA SWY




8-V 3andig

NOILVYWHO4NI /&0 /4d  ON
ONOJ3S/SININIYNSVIN Ol Uvavy

(Vo) (poiw) HOMMI INIWIHNSVIW 3TONV

10°0

_‘v 4
|

‘ J9s/4) G _ -
4 ol
w

1ol oes/i g e

-+ 4 00l :
. . .. !
[92i-dv-¢] =

10°0

Ol

(M) (99s/45) HOMYI NOILVWILST ALIDOT3A NVIW DI¥1IWO3O



6-V 21n31g

NOILVIWHO4ANI /&0 /&¥d ¥ ON
GNOD3S/SLIN3NW3YNSV3IN Ol ™vavy

(Vo) (ppiw) ¥OHH3 IN3WIUNSVYIW IIONV
|

!
Pe)
=2
w
o
(e}
098/ GO0 = o 3
H - 2
H1 = "o -
.
=z
>
-
(e
=
m
P
e
BSOS W ool
098/ G0 = Yo 2
— 8, -
R
_&__-,Z-m_
000!




NOILVWHOINI /&0 /44 V ON
GNOO3S/SLNIWIYNSVIW O1 Hvavy 0T-V oIndrg

(Yo) (poiw) ¥OMNI INIWIHNSVIN IIONV

2958/44 600

Hl

=t

T it

o3/ G

9%) (1)) HONYI NOILVWILSI NOILISOd NVIW DINL3INO03D

(



I1-v @2andtg !

NOILVIWHOSN! /&0 /4d ¥ ON
ONODJ3S/SINIWIYNSVYIW OI ¥vavy

(Vo) (poiw) YOMNI INIWIHNSVIW 3ITONV
|

T i M 100
i _ 1 i T
dites | B=E
T w T Al N T N «,
o T T L. -
Sl S a e e e M
: _ e £ m : =
e = H
S¥eh == . 3| . o
T 1 T 998/4 600 = © o g
“ 5
_ ] H <
i i e O T R m
o : i n
= st mens e e -
SE T Rt e ==mn =
= : : == >
== : e , =
= 5 |
e e e - : =
SSsspoommes e on ,:.nw an ..M.H Pt Wl.mﬁu‘mwl{ = m 7
e T T o]
5 _ s
S £ Bt : — o
T ; ; : Py
= e sSseean s E .
= 99s/1) G0 = Yo = i giian N
¥, I ’ g
L {3 Ol = %o e I 2 %
; - i : St ST O :f : _ LD oA =
1 L3288 KanhA U - m
S : <

L




(Yo) (Poiw) HOMNI INIWIHNSYIW IIONV

21~V 2and1g

NOILVWHOANI /&0 /&d 7 ON

ONOD3S/SLIN3N3YNSVYIN Ol

Hvavy

285/ GO0

H1

%

Yy

110°0

Ol

("w) (93s/43) HOHYI NOILVWILSI ALID0T3A NVIW DIN13W03IO




3-AP-H3I
i

b
i

1
F

(43) SIN3INOJWOI HOYY3I NOILVAILS3 NOIL1ISOd

it
H— wt
a3t I s 1
3532 ppaa T T T T
H o = :
= O EH T
- £1oa SETe ek i s i =
s 1 et et e to2eg ==
FasEais g () Efa Eeeae o % 1 BEE S &
o macs T T = s n ssa I e s
3= E L T T LR torw pheed eens 08 aana: T
+ s i Het ] HH
pasw P b3 B3 T I =7 T T 1T T
T = o
spesh T b 7 T
: T
; o T T 5 1
T + 5
= - : =SES=
E I8 T
w i i =
t T !
1o T i
H )1 T 1
1 T 1
T T +
i
it s ana
RN o RS AW
T : . pan T
242 sxp Tt
T t i
[hows ans : b et deaa
eas i T 1t t
1 t 1 1 b
154 PRI Iy e . 1
£ ]
+ - Vas
g eiet it TS : +
v o T + T
= 22 T Em = =
o= : s e
£ See Tas IEs 3 = — + T=3
= = ==
" T ; T T
: b etas s ! = -t
] E T
Sy T8 povas ;  ases HpE
P
s i = et
= 2 = T GH T
= et e 3 zz==:
i mm% =
1 | |
i ! 118 ! i i
' T | [N
+
HiY T i T !
; T d d A EE]
] T H
; ! - o e
T ¢ T 1§t PY0 AN } -
it T i L e g ——
Il L i " M it T il L i
: X 1y ™ D S0EE BDS
: 1 T
T 1 ] 1 LS 1
T T T S 1] T T
1 RGA SN T T
 Sarw T t
Hrit b T
e t T T T
taay T 18 S
I
T ——
T
: : =
+ 1 =
t
e R = i =
FEERS 3 H 35T faes 23 g0 = = =5 e
pes s THE T e B =
e S e ) faay 3=
T T . : T
T i ru Fo1 LENSA SHDNY T I e 3088 ta8s H T
e it e ey IR sy ni. FEee o3 iathe pumpa
L : > F i * r
2282423 tarey T T
T 1 i T w tads W IS e,
TrT 1 T g g it
g g i S P s T
oy i —4
£3333 TS 3=
= S Ehal ENNET L

ANGLE MEASUREMENT ERROR (mrad) (op)

RADAR: 10 MEASUREMENTS/SECOND

INFORMATION

NO 4 PRIORI

Figure A-13



= 0.5 ft/sec

ANGLE MEASUREMENT ERROR (mrad) (op)

10 MEASUREMENTS/SECOND

RADAR

INFORMATION

NO A PRIOR/

Figure A-14




e (1
i
|

I

Tt
i

INFORMATION

T
T

Figure A-15

WA Loditiaaia by

§aoiny

i
I

NO 4 PRIORI

]
=

RADAR: 10 MEASUREMENTS/SECOND

ANGLE MEASUREMENT ERROR (mrad) (op)

1

: T ;
oo s 3 T e gy
H o> x =5 ; : e = e
Zv v o= = ; = :
SEEH S o= = = =EEES ==
Eis§scs: pEEEpEET O b b = = = Oett Bkt So M Do) SeeT) AnToe Sl

(+3) SIN3INOAWOD HOHHY3 NOILVWILSI NOILISOd




F gy

0.01

g tagihd

i

i TR T seses TAG2E EEE =D

1

=
e bk bud 11308 trek

g8

. roig

3

ot

THY -

e

WL

1
il

33 SAgBY aimp:

1
i

il

T
-

i

=i

I o i

¥
T
1

Q
[+
wn
~
-
+ b inafy i
+ P Ui — L _HUH
T 8| B =
: 1 b o 5 lﬂ
E
1 = O =3
:
; " (==
] : = ==
= : b b
+ H T + M
t 1930y baas et
3 4 1 vl 1251 [Sp ang =g
E= + g =y e ]
i v us y =3
J SEe g paks i 100t IS SeE
eths s S5t 3t dpn: s
£ =E2 5 3553 =8 SR HE
H = Zeai o) 3 S G o At 5

ANGLE MEASUREMENT ERROR (mrad) (op)

10 MEASUREMENTS/SECOND

RADAR

INFORMATION

NO 4 PRIOR/!

Figure A-16




b
i

TIHT

1
it
T

(+3) SIN3NOJWOD HO¥Y3 NOILVWILS3 NOILISOd

ANGLE MEASUREMENT ERROR {(mrad) (op)

IO MEASUREMENTS/SECOND

NO A PRIOR/

RADAR

INFORMAT ION

Figure A-17




[EEERREREEE !

ANGLE MEASUREMENT ERROR (mrad) (op)

10 MEASUREMENTS/SECOND

NO A4 PRIOR/

RADAR

INFORMATION

Figure A-18




Effect of a priori Information

|
'

!
iy

i

i

e

4° ECA

it}

INFORMAT ION

'

i
Llalbl

4 PRIOR!

ihitift

+

1

T A 250 ft, 40 ft/sec IN ALL COMPONENTS L

0.01

0.

B 25 ft, 4 ft/sec IN ALL COMPONENTS

1i

i

0

(92) (44) YOH¥H3 NOILVWILS3 NOILISOd

SKWH

ANGLE MEASUREMENT ERROR (mrad) (op)

I0 MEASUREMENTS/SECOND

RADAR

Figure A-19




Effect of a priori Information

0.0i

.
Rt

¥

i

3y

s g0 §
Sag =
=t el i
T H
e
] i
!
i 4
= = gt
7 =
3 ]
T 33 S SE S =
! 3K I
! !
' ! ﬁ it
: T ! tl—i f
a R ..11_1 1
!
1 f
!
I
! }- i
I ’ 4
>
i
]
e ’
B e HE -
FrE e e =3 St Hda ol 5 22 = 323
L 8 8
yyyyy == T T 1 E IR
= 8 $
H Eas
= HrE = 1322258 11 : Hot
o 322N = 3
£33 EiiE 8 =
= ZERSEE SS=cay E3asz85
= =S5 2 === 3

mitL i Seant Sk

1
g1 I
4
t I
- 4 § H i It
- i ! n.
r 4
T + &
1 :
1 7 adm
: 1 fon
I T
s e Dol ul 7 FRC 1 ¥
TTIT I ja ot T T
+ ;s Des 5 e B4
g Si2os

i

1

NO A PR/OR/ INFORMATIO

1t

i
s

e
g

it

A PRIOR!

INFORMATION

0.

A 250 ft, 40 ft/sec IN ALL COMPONENTS
B 25 ft, 4 ft/sec IN ALL COMPONENTS

=
I e

i

I

ANGLE MEASUREMENT ERROR (mrad) (oy)

i3 et

A>

T -
i 1 T i T s Hr
= i 1ok 4 e e S ETeg rises s ots [t o IS ans 21
¥ s pnay PS [0S 000s seaie i i
o e e T T aass
S i A
ey s frpr T
N A T pr—r
P S e 11 4 22 s o
B R T e 222 5T = 3Ty gus
Eats et o EF
S e T G e L
i

ALID0T3A SWYH

10 MEASUREMENTS/SECOND

RADAR

Figure A-20




Te-V *81d

Tg=ge0
ADVHNOOV 31VH-3ONVYH 40 103443
(spuodes) ¥p/¥p
0000l 000} (o8] ol | f[oeee see
| T T | T 0
— o2
—ov
14/.QVHITIN 91000
14/70VHITIIN 9100 d 09
p.._\dé_._.»__z 910
¥p/Vo — 08
0ol
ozl

(wuedsed) SyOMMI
NOILVALLSI ALIO0T3A "'SWNY 3ALLVIN




0g=g20

00001 00O

22~V *31d

AOVHNOJV 31VH-3IONVY 40 103443

(8puodes) ¥5/u,
001 ol | QO eee

eee ()

I

| T T T

14/7°avdiTiN 910
14/7°avdITIIN 9100
14/7°QvdITUN 91000

4

¥p/Yo

0

—10¢

l
o
<

|
O
©0

o
@

(00}

(wedied) SHOMYI
NOILVIILSI NV3IW-DJIH413N039 3AILVI3Y

ocl




¢e-Y *91d
L1-g2o

(o) (PoJliwW) SHOHHI LN3IW3IUNSV3IW 319NV

00l ol | ! 10
L I L TTTT T T T 1 LI

NOILVNHOINI 140ldd V ON
AJVYNOOV d-Y ,,1034¥3d,
"03S/°SV3N Ol

/)

1

\\ ool

1

I

000l

(43) (199)) SHOYYI NOILVWILSI NOILISOd SWY




Director! s Office

C. F. J. Overhage
W. H. Radford
H. W. Fitzpatrick
J. A, Kessler

Division 2

J. A, Arnow

. Belvin

N. Davis

H. Dodd
Enticknap

.Fortier
Heart
Koniver
Macrakis
Morency
Moriarty

. Peterson

. G. Schmidt
C. Schweppe
Sherman

J. Slesers

C. R. Wieser

D. Wiggert

Group 25 File

SHORY R

.

>RU!
SonpESO

)
[

EIw
O

T

Division 4

J. G. Barry

J. A. Bosco

G. F. Dalrymple
J. C. Fielding
J. Freedman

B. S. Goldstein
W. F. Higgins
B. H. Labitt

W. W. Ward

Division 5
R. T. Mitchell
Division 7

J. F. Hutzenlaub

DISTRIBUTION LIST

MIT, Instrumentation Laboratory

M. Trageser (2)

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena 3, California

P. Goodwin (2)
Telecommunications Division

J. J. Freeman Associates

8416 Georgia Avenue

Silver Spring, Maryland

Dr. J. J. Freeman

George C. Marshall Space Flight Center

Instrumentation Development Branch

Huntsville, Alabama

Mr. O, A. Hoberg

George C. Marshall Space Flight Center

Aeroballistics Division

Flight Evaluation Branch

Huntsville, Alabama

Dr. F. A. Speer

North American Aviation

Space and Information Systems Division
12214 Lakewood Boulevard

Downey, California

D. S. Levine (6)
NAA Sub-group 419-77

J. W. Small
Apollo Program Management Office, D/402




gL-gxo

fe-V °31d

(Vo) (POAlIIW) SHOHY3 LN3W3YNSVIW 3TONV

00l (o]

|

I

TTTT1T 11 ] ITrTT 1 i I

TTiih v

NOILVWHO4N! 1H40ldd Vv ON
AJVHNOOV ¥-d ,1034¥3d,
"03S/'SV3N Ol

I

|

TTTT 11

|

I

1

11111

1

10

O |

o]}

(3)(098/4)) SHONN3 NOLLYWILSI ALIDOT3A SWY




M. Mullen, Librarian

Department 675-1, Mail Station 817
Philco Western Development Laboratory
3875 Fabian Way

Palo Alto, California

Goddard Space Flight Center

Greenbelt, Maryland

Dr. H. J. Goett, Director

Mr. J. T. Mengel, Ass't, Director
Tracking and Data Systems Directorate

Mr, C., A, Schroeder, Chief (8)
Tracking Systems Division

Dr. R. J. Coates, Assoc, Chief
Tracking Systems Division

Dr. F. O. Vonbun, Assoc. Chief
Tracking Systems Division

‘Dr. J. W. Siry, Chief
Theory and Analysis Staff
Tracking Systems Division

Dr. C. V. L. Smith, Chief (4)
Data Systems Division

Mr. F. J. Friel, Jr., Chief (4)
Operations Division

Mr. N, R, Heller, Chief (4)
Direct Data Division

Mr. O, Covington
Deputy Ass't. Director of Operations

— -

Wy

s e o ama



NASA Headquarters (Attn: Code T)
400 Maryland Avenue, S. W.
Washington 25, D. C,

R. D, Briskman
C. R. Morrison

NASA - Langley Research Center
Hampton, Virginia

C. J. Donlon (2)
J. E. Stitt

Scientific and Technical Information Facility
Attn: NASA Representative (S-AK/RKT)
P. O. Box 5700

Bethesda, Maryland

NASA - Manned Spacecraft Center
P, O. Box 1536

Houston, Texas

Apollo Project Office
D. R. Broome

E. L. Chicoine

D. Fielder (5)

M. R. Franklin

D. W. Gilbert

J. Heberlig (2)

M. Jenkins

H. C. Kyle

MSC Files (3)

E. Meily (Lincoln Lab. Representative)
. E. Packham

. O, Piland

A, Roberts
Sawyer

Skopinski

. Williams

SHESEEE

NASA - Flight Research Center

Box 273
Edwards, California

K. C. Sanderson
FRC Files

NASA - Pre-Launch Operations
Hangar S
Cape Canaveral, Florida

J. Moser
J. Williams

(2)



